enhancers were also found associated with the highly A slightly different strategy was used to generate mice related C␥2 and C␥3 genes (Vernooij et al., 1993) . A in which 3ЈE C␥1 was deleted (E Ϫ/Ϫ mice). A 2.0 kb Asp718-second element, HsA, was defined between the V␥5 and HindIII fragment containing 3ЈE C␥1 was replaced by a V␥2 genes, based on DNase I hypersensitivity (Baker et neo cassette flanked by loxP sites in J1 ES cells (Figures al., 1999) . In transient transfection assays, 3ЈE C␥1 en-1E and 1F). Chimeric mice were generated and crossed hanced transcription specifically in T cell lines, whereas to a CD1 strain that expresses a CMV-Cre transgene HsA was inactive. As tested by deleting the elements that directs Cre synthesis in germ cells, resulting in delefrom a rearranged (V␥2-J␥1C␥1) TCR␥ transgene, 3ЈE C␥1 tion of the neo cassette in vivo. The E ϩ/Ϫ mice were was required for transcription in immature but not macrossed back to B6 mice, which were subsequently inture T cells, whereas HsA was necessary and sufficient tercrossed to generate homozygous knockout mice on to achieve normal levels of transcription in mature T cells a mixed genetic background ( Figure 1G ).
(Baker et al., 1999). HsA did not drive transcription in
To investigate the possibility that 3ЈE C␥1 and HsA funcimmature T cells in the absence of 3ЈE C␥1 , but it pretion redundantly in supporting ␥␦ T cell development, vented severe position effects that occurred with transwe also generated mice in which both elements were genes that contained 3ЈE C␥1 alone. No transcription was deleted (H/E Ϫ/Ϫ mice). Due to the close proximity of detected from integrated transgenes lacking both elethese two elements, the double knockouts could not ments. These data suggested that 3ЈE C␥1 and HsA coopbe generated by interbreeding the single knockouts. erate to produce the normal developmental pattern of Therefore, ES cells in which HsA had been deleted from C␥1 gene transcription, with HsA possibly providing a one allele (HsA-ko) were transfected with the same 3ЈE C␥1 chromatin-opening activity that buffers the gene from targeting construct used to generate E Ϫ/Ϫ mice (E C␥1 -KO position effects. Together, these two elements possess construct). ES cell clones were selected in which 3ЈE C␥1 many characteristics of an LCR (Baker et al., 1999). Howwas replaced with the PGK-neo cassette on the same ever, as these studies were performed with transgenes, chromosome as the HsA mutation (H/E-ko-neo ES cells; they did not provide definitive evidence that the two Figure 1H ) (see Experimental Procedures), and the neo elements cooperate in the endogenous locus, nor could cassette was subsequently deleted by transfection with they decisively define the normal functional roles of the the Cre expression plasmid. The resulting ES cells (H/Eelements. In this report, we have generated targeted ko; Figure 1H) Figure 1D ). Because polymorphisms in TCR␥ genes to that of the wild-type littermate ( Figure 2C ), it is likely may in some cases influence TCR␥ gene expression or that the enhancer mutation does slightly reduce the effisubset composition, it is important to point out that this ciency of V␥5 cell development. This conclusion is sugbreeding scheme with mixed background mice inadvergested by the fact that the E Ϫ/Ϫ mice are homozygous tently selects for TCR␥ loci of 129 origin in the homozyfor strain 129 alleles at the TCR␥ locus and could be gous mutant mice and of B6 origin in the homozygous wild-type littermates.
expected to have a greater frequency of V␥5 ϩ cells than Figure 3A) . Surprisingly, despite 
cells, though this was not tested directly. cells was observed in the H/E
Ϫ/Ϫ mice on the mixed V␥5 rearrangement was also not significantly affected genetic background ( Figures 2D and 2E ), but this differby the H/E double mutation in adult 129 strain mice ence was also evident when wild-type B6 and 129 strains ( Figure 3C , Table 1 ). In mixed background mice, the were compared (data not shown), indicating that it was level of V␥5 rearrangements appeared to increase in probably due to TCR␥ gene polymorphisms between adult and fetal H/E Ϫ/Ϫ mice as well as in adult H Ϫ/Ϫ and these strains. E Ϫ/Ϫ mice ( Figure 3C , Table 1 , and data not shown). As The double mutation also had a marked effect on the no increase was observed in the H/E Ϫ/Ϫ 129 strain mice, development of V␥3 ϩ cells, reducing the size of this it is likely that the apparent increase in mixed backsubset by approximately 20-fold among E15 fetal thyground mice is due to the allelic differences between mocytes and 5-to 10-fold among E17 fetal thymocytes 129 and B6 TCR␥ genes discussed earlier. Finally, re-( Figure 2E , Table 1 ). Analysis of fetal thymocytes was combination of the V␥3 and V␥4 gene segments in E17, performed in the mixed background mice because we E15, and E14 fetal thymocytes was impaired only modwere unable to obtain sufficient numbers of fetuses from estly (2-to 4-fold) in the H/E double-mutant mice (Figure the 129 strain mice, which breed poorly. However, the 3D, Table 1 ). The single mutations had even smaller difference in V␥3 usage cannot be attributed to TCR␥ effects than the double mutation ( Figures 4D and 4E) . Importantly, the single mutations had little or no effect, demonstrating functional redundancy of the two elements in supporting V␥2 transcription ( Figure 4E ). The overall level of V␥5 transcripts was minimally reduced in the H/E mutant mice, but considering the increased level of V␥5 rearrangement in these cells of mixed background ( Figures 3C and 3D ), it appears that the level of transcription per rearranged V␥5 gene was reduced by ‫-6ف‬fold. A similar reduction was observed in E Ϫ/Ϫ thymocytes, but not in H Ϫ/Ϫ thymocytes, corroborating the conclusion that 3ЈE C␥1 , but not HsA, plays some role in supporting V␥5 transcription ( Figure 4E) .
We also examined E17 fetal thymocytes from mixed background mice. Taking into account the corresponding levels of rearrangement, substantial reductions were observed in the levels of all four V␥ transcripts ( Figures  4D and 4E) . Notably, V␥3 and V␥4 transcript levels were reduced by 15-fold and 8-fold, respectively. Figures 5A and 5B) . Furthermore, sorted peripheral V␥2 ؉ cells from H/E Ϫ/Ϫ mice contained an average of 4-fold less V␥2 mRNA than V␥2 ؉ cells from wild-type littermates (n ϭ 2, Figure 5C is one experiment). In con- 
Nonredundant

A comparable analysis of other peripheral ␥␦ T cells yielded contrasting results. First, the percentage of V␥3
؉ cells among dendritic epidermal cells was reduced by only 2-fold (an average of three determinations) in adult mice lacking both elements (H/E
Ϫ/Ϫ mice) ( Figure 5D ), compared to a 20-fold reduction in the percentage of V␥3 ؉ cells in the E15 fetal thymus. These results suggest that a homeostatic mechanism may partially compensate for the reduced production of V␥3 ؉ ␥␦ T cells in H/E Ϫ/Ϫ mice, while no such mechanism compensates for the reduced production of V␥2 ؉ cells. Furthermore, the level of cell surface V␥3 expression ( Figure 5D ) and the level of V␥3 transcripts among epidermal cells were nearly normal even in mice lacking both regulatory elements (H/E Ϫ/Ϫ mice) ( Figure 5E ). Therefore, neither HsA nor 3ЈE C␥1 are necessary to achieve near normal levels of V␥3 transcription in these peripheral V␥3 ؉ cells. Second, the frequency of splenic V␥5
؉ cells was nearly normal in H/E Ϫ/Ϫ mice, as was the level of cell surface expression (data not shown). These results suggest different requirements of HsA and 3ЈE C␥1 for expression of V␥ genes in different settings.
Discussion
Our results demonstrate functional redundancy between two widely separated cis-acting sequences in the regulation of the TCR C␥1 gene cluster. The study should represent a stringent test of redundancy, as it was performed by targeting the endogenous locus with subsequent deletion of the selectable marker. In most respects, deletion of HsA or 3ЈE C␥1 separately had little effect. Simultaneously deleting both elements, however, resulted in substantial defects in transcription of assembled TCR␥ genes in the thymus and modest reductions et al., 1999) .
tively, unidentified elements located between V␥3 and These considerations raise the possibility that the ele-V␥2 may provide compensatory enhancer function in ments may interact differently with other locus elements mature ␥␦ T cells. and transcription factors, yet contribute similarly to gene It is instructive to consider instances where the gene recombination and expression in developing thymotargeting results differ with the previous analysis of TCR␥ cytes.
transgenes, because such differences may also suggest Interestingly, the double mutation did not completely the existence of compensating elements in the endogeprevent rearrangement or expression of any of the nous locus. A notable difference was that deletion of genes, suggesting that yet other elements in the endog-3ЈE C␥1 alone in the transgene, but not in the endogenous enous locus can partially substitute for HsA and 3ЈE C␥1 . It locus, resulted in significantly impaired V␥2-J␥1C␥1 is possible that some activity is provided by unidentified transcription in immature adult thymocytes. Another difelements located between HsA and 3ЈE C␥1 , as suggested ference was that rearrangement was more dependent by a low level of residual rearrangement in a minigene on the two elements in the case of the transgene studies. construct lacking both elements (Baker et al., 1999) .
Probably the most interesting difference, however, was However, other data raise the possibility that an addithat HsA prevented position effects in the transgene tional important element(s) resides upstream of HsA.
experiments, but was not required for consistent exInsertion of a PGK-neo gene between an enhancer and pression of the endogenous locus in thymocytes. It is the gene it regulates often inhibits enhancer function possible that other chromatin-opening elements exist (Seidl et al., 1999) . In the course of preparing the genein the endogenous locus but not the transgene or that targeted mice studied here, we examined mice in which the endogenous locus is well separated from neighHsA was replaced by the PGK-neo cassette. Developboring regions of heterochromatin and does not require ment of V␥2 ϩ cells was severely reduced in these mice a local chromatin-opening element. The results are remicompared to mice in which both HsA and PGK-neo niscent of the finding that the ␤-globin locus maintains were deleted (data not shown). Conversely, however, an open chromatin structure in mice lacking the ␤-globin replacement of 3ЈE C␥1 with PGK-neo did not significantly
5Ј LCR (Epner et al., 1998). impact ␥␦ T cell development (data not shown). These
It is notable that the transcriptional and recombinadata suggest a role in C␥1 recombination and/or trantional defects in the HsA/3ЈE C␥1 double-mutant mice did scription of unidentified elements upstream of HsA. It not correlate in all cases with the developmental defects. remains possible that compensating elements reside in For example, whereas a substantial defect in V␥5 tranthe region downstream of 3ЈE C␥1 , where enhancers were scription was apparent in precursor cells, V␥5 ϩ cells identified in other C␥ genes (Vernooij et al., 1993). Taken were present in normal numbers in the thymus and petogether, the results hint that rearrangement and tranriphery in H/E Ϫ/Ϫ mice. It appears likely that the discrepscription in the C␥1 cluster are regulated by at least ancy is due to selective survival and/or expansion of a three cis-acting enhancer-like elements.
small number of cells that succeed in expressing V␥5 Interestingly, the double mutation did not alter the at near normal levels. Compensation due to cellular senormal developmental order of V␥ gene rearrangement. lection is also suggested in the case of V␥3, since the This finding is reminiscent of the finding that the 5ЈLCR large developmental defect apparent in the E15 fetal of the ␤-globin locus is necessary to achieve maximal thymus is less apparent by E17 and even less apparent transcription, but is dispensable to impose the normal among peripheral V␥3 ϩ cells in the epidermis. Cellular developmental order of expression of ␤-globin genes selection of a few V␥2 ϩ cells may be less efficient be- (Epner et al., 1998 The Southern blotting scheme with the J␥1 probe was as described clones) were identified by Southern blotting with a neo probe as (Takagaki et al., 1989). Rearrangement was also detected in EcoRV well a V␥2 probe ( Figure 1D ). Chimeric mice were generated and digests using the V␥2 probe depicted in Figure 1B . The semiquanticrossed to 129 or B6 mice, and heterozygous pups were interbred tative PCR and RT-PCR assays to detect TCR␥ gene rearto generate H Ϫ/Ϫ or control H ϩ/ϩ mice on either the 129 or mixed rangements and transcripts have been described before (Baker et genetic backgrounds.
al., 1998). For the RT-PCR assay, samples of total cellular RNA were To generate HsA/3ЈE C␥1 double-knockout mice, HsA-ko ES cell treated with DNase I to digest contaminating genomic DNA. RNA clones ( Figure 1B) were transfected with the 3ЈE C␥1 targeting consamples were reverse transcribed (RT) with Superscript II RNase struct, followed by selection as described above. Clones in which H Ϫ reverse transcriptase using oligo-dT primers. The RT products 3ЈE C␥1 was replaced by a loxP-flanked PGK-neo gene were identified were serially diluted by either 5-fold or 3-fold, depending on the by PCR. It is expected that 3ЈE C␥1 and HsA will be targeted on experiment (indicated in Figures) , and subjected to semiquantitative the same chromosome in approximately half of these clones. Such PCR using different sets of primers. In all cases, the 5Ј primers were clones were identified by transfecting six of them with the CMVin the leader exon, separated by an intron from the V coding exon. Cre expression plasmid and analyzing about 200 subclones from Thus, RT-PCR products from spliced mRNA templates will yield a each. When the two elements are targeted on the same chromosmaller product than PCR products from contaminating genomic some, a large (35 kb) deletion should sometimes occur in which the DNA. In the experiments shown, all the products were of the correcombined loxP sequence at the site where HsA was targeted rectly spliced size, confirming that they originated from spliced recombines with one of the loxP sites incorporated into 3ЈE C␥1 . As mRNA. determined by PCR and Southern blotting, two of the six parent clones yielded the predicted large recombinants at a frequency of about 30%. The remainder of the subclones from these two parent Acknowledgments clones had deleted only the neo cassette and were selected for injection into B6 blastocysts. Chimeric mice were generated and 
